Abstract: Chloroplasts derive from a prokaryotic symbiont that lost most of its genes during evolution. As a result, the great majority of chloroplast proteins are encoded in the nucleus and are posttranslationally imported into the organelle. The chloroplast genome encodes only a few proteins. These include several multispan thylakoid membrane proteins which are synthesized on thylakoid-bound ribosomes and cotranslationally inserted into the membrane. During evolution, ancient prokaryotic targeting machineries were adapted and combined with novel targeting mechanisms to facilitate post-and cotranslational protein transport in chloroplasts. This review focusses on the chloroplast signal recognition particle (cpSRP) protein transport system, which has been intensively studied in higher plants. The cpSRP system derived from the prokaryotic SRP pathway, which mediates the cotranslational protein transport to the bacterial plasma membrane. Chloroplasts contain homologs of several components of the bacterial SRP system. The function of these conserved components in post-and/or cotranslational protein transport and chloroplast-specific modifications of these transport mechanisms are described. Furthermore, recent studies of cpSRP systems in algae and lower plants are summarized and their impact on understanding the evolution of the cpSRP system are discussed.
Introduction
Chloroplasts evolved from endosymbiotic, cyanobacterial ancestors. During evolution, most of the chloroplast genes were relocated to the nucleus. To maintain the chloroplast localization of the encoded proteins, these molecules are tagged with transit peptides, which ensure targeting to the organelle. The translocases of the outer and inner chloroplast envelope membranes, Toc and Tic, respectively, posttranslationally import chloroplast proteins (reviewed in Jarvis, 2008; Schleiff and Becker, 2011; Paila et al., 2015; Bölter and Soll, 2016) . Inside this organelle, transit peptides are cleaved off, and proteins that are not destined for the stroma are further transported to intraplastidic compartments. The posttranslational transport pathways to the internal membrane system, i.e. the thylakoids, include the chloroplast twin arginine translocation (cpTat), the chloroplast secretory1 (cpSec1) or the chloroplast signal recognition particle pathway (cpSRP) (reviewed in Richter et al., 2010; Albiniak et al., 2012; Celedon and Cline, 2013) . These pathways not only show similarities with their analogous, ancestral pathways in bacteria but also adapt to the endosymbiotic situation in chloroplasts. In particular, the posttranslational cpSRP pathway, which mediates the insertion of a special set of nuclear encoded proteins into the thylakoid membrane, exhibits profound differences from the ancestral bacterial SRP pathway, which cotranslationally inserts plasma membrane proteins. The cotranslational insertion of plastid-encoded multispanning thylakoid membrane proteins, however, is more related to the bacterial SRP pathway, but also shows significant differences. The cpSRP system in Arabidopsis thaliana was the research focus of interest for a long time, however, more recent studies have also analyzed these pathways in green algae and lower plants. The comparison of these pathways provides insights into the evolution of the cpSRP system. In this review, we summarize the central aspects of the SRP-dependent protein transport in bacteria and chloroplasts and focus on recent advances in our understanding of the evolution of the chloroplast SRP system.
The cytosolic SRP system of

Escherichia. coli
The SRP pathway is universally conserved among all kingdoms of life and cotranslationally delivers proteins to membranes (reviewed in Grudnik et al., 2009; Akopian et al., 2013b; Saraogi and Shan, 2014) . While the size and composition of SRPs within individual organisms varies, the minimal core comprises two essential conserved components, a SRP RNA and an approximately 54 kDa protein (SRP54). The bacterial SRP54 homolog consists of three distinct domains. The N-terminal four-helix bundle N domain and the subsequent G domain form a functional unit called NG domain, which determines the GTPase activity of the protein. The third domain is the C-terminal methioninerich M domain (Zopf et al., 1990; Freymann et al., 1997) . This simple form of the SRP has been observed in E. coli and other Gram-negative bacteria, where the protein Ffh (a homolog of eukaryotic SRP54) is bound by its C-terminal M domain to a conserved 4.5S RNA. To function in cotranslational protein targeting, the M domain recognizes the signal sequence of the nascent polypeptide chain and guides the ribosome nascent chain complex (RNC) to the FtsY receptor protein at the plasma membrane. Similarly to the Ffh protein, the FtsY also contains an NG domain (Freymann et al., 1997; Montoya et al., 1997) . Ffh/FtsY complex formation is established by the interaction between the NG domain of Ffh with the homologous NG domain of FtsY (Egea et al., 2004; Focia et al., 2004) . Conformational rearrangements within the NG domains, including the transition from an open conformation with a wide open nucleotide binding pocket and low GTPase activity to a closed conformation in the Ffh/FtsY complex results in the reciprocal GTPase activation of both proteins (Jagath et al., 2000; Shan and Walter, 2003) . GTP hydrolysis results in the dissociation of the complex and the release of the RNC to the SecYEG/YidC translocon machinery in the plasma membrane (Akopian et al., 2013a; reviewed in Denks et al., 2014) . Within this SRP targeting cycle, SRP RNA fulfills a critical role, and recent data significantly contribute to the current understanding of its molecular function. Bacterial SRP RNA has an elongated structure with two internal loops and a conserved apical tetraloop. The internal loops mediate high-affinity binding (K d : 52 pm) to the M domain of Ffh (Batey et al., 2000; Buskiewicz et al., 2005) . The tetraloop plays an important role in establishing and stabilizing contact with the basic residues of FtsY, resulting in the acceleration (approx. 100-400 fold) of the FtsY/SRP complex formation (Peluso et al., 2001; Shen and Shan, 2010) . Remarkably, the SRP/FtsY NG domains subsequently travel from the tetraloop region to the distal end of the SRP RNA, thereby significantly stimulating GTP hydrolysis (Ataide et al., 2011; Shen et al., 2012; von Loeffelholz et al., 2015) .
Homologs of the bacterial transport machinery have been identified in cyanobacteria and it seems likely that cyanobacteria use a similar protein targeting system. However, detailed studies concerning the cyanobacterial SRP system are lacking and the precise function and intracellular localization of the transport components remain largely unclear (reviewed in Frain et al., 2016) .
The cpSRP system of higher plants (spermatophytes)
Chloroplasts contain homologs of several components of the bacterial SRP system for targeting proteins to the thylakoid membrane: a Ffh homolog [chloroplast (cp)SRP54], a SRP receptor homolog (cpFtsY), homologs of the bacterial Sec-translocase components (cpSecY1 and cpSecE1) and a YidC homolog [Albino (Alb)3] (Figure 1) . However, the otherwise conserved SRP RNA is absent from the chloroplasts of higher plants (Rosenblad and Samuelsson, 2004; Träger et al., 2012) . The cpSRP54 protein is present in two different stromal pools, one associated with 70 S ribosomes and the other forming a high-affinity complex with the plantspecific cpSRP43 protein (Franklin and Hoffman, 1993; Schünemann et al., 1998; Klimyuk et al., 1999; Groves et al., 2001; Hermkes et al., 2006; Holdermann et al., 2012) . Ribosome-associated cpSRP54 could be cross-linked to the nascent chain of the multispan D1 protein, implying that cpSRP54 is involved in the cotranslational transport of at least some plastid-encoded proteins (Nilsson et al., 1999; Nilsson and van Wijk, 2002) (Figure 1 ). Consistently, A. thaliana mutants lacking cpSRP54 (ffc) showed a reduction of steady-state levels of plastid-encoded thylakoid membrane proteins . However, this effect is rather mild, and a recent study showed that the replacement of D1 in the photosystem II repair cycle in the ffc mutant is only slightly impaired (Walter et al., 2015a) . Overall, although it is possible that plants might compensate for the loss of cpSRP54, current data do not indicate a central role of cpSRP54 in cotranslational integration. Notably, cpftsy mutants exhibit a strong chlorotic phenotype or are even seedling lethal, and the photosystem II repair cycle is severely impaired (Tzvetkova-Chevolleau et al., 2007; Asakura et al., 2008; Walter et al., 2015a) . Evidence for the direct involvement of cpFtsY in D1 insertion was recently obtained by using an in vitro reconstitution system of D1 insertion. Here, it was shown that cpFtsY is a component of purified membrane-associated D1 ribosome nascent chain complexes (Walter et al., 2015b) . The insertion of D1 into the membrane is mediated by the cpSecY/ Alb3 translocase and stimulated by Vipp1 (Zhang et al., 2001; Walter et al., 2015b) (Figure 1 ).
The cpSRP43/cpSRP54 heterodimer mediates the posttranslational transport of the nuclear encoded lightharvesting chlorophyll a/b binding proteins (LHCPs) to the thylakoid membrane (reviewed in Aldridge et al., 2009; Grudnik et al., 2009; Richter et al., 2010; Akopian et al., 2013b) (Figure 1 ). The assembly of the cpSRP complex is achieved by the interaction of the conserved cpSRP43-binding motif [A(R/K)R] within the cpSRP54 tail region and residues forming a twinned aromatic cage in cpSRP43 chromodomain 2 (CD2) (Funke et al., 2005; Holdermann et al., 2012) . The cpSRP complex binds LHCPs mainly by the interaction of the conserved 18 amino acid-long L18 motif that is located between the second and third transmembrane domains of the LHCPs and the ankyrin repeat region of cpSRP43 to generate the transit complex (DeLille et al., 2000; Tu et al., 2000; JonasStraube et al., 2001; Stengel et al., 2008) . The transit complex is guided to the thylakoid membrane, where it docks to the membrane-bound cpFtsY and the translocase Alb3 (Moore et al., , 2003 Bals et al., 2010; Lewis et al., 2010; Dünschede et al., 2011; Horn et al., 2015) . LHCPs are posttranslationally integrated in a GTP-dependent process catalyzed by the two GTPases cpSRP54 and cpFtsY (reviewed in Richter et al., 2010) . For higher plants, in vitro experiments demonstrated that both cpSRP subunits and the interaction between them are required to facilitate LHCP insertion (Schünemann et al., 1998; Tu et al., 1999; Yuan et al., 2002; Goforth et al., 2004; Funke et al., 2005) . However, in vivo data indicate that cpSRP43 alone is sufficient to support LHCP transport when cpSRP54 and cpFtsY are absent, although the transport efficiency is slightly reduced (Tzvetkova-Chevolleau et al., 2007) . The important role of cpSRP43 in LHCP transport is further supported because cpSRP43 functions as a chaperone for LHCP and prevents the aggregation of this protein Jaru-Ampornpan et al., 2010) . Interestingly, recent data have demonstrated that cpSRP54 stimulates cpSRP43/LHCP complex formation through structural rearrangements within the cpSRP43 that enhance the affinity of cpSRP43 to LHCPs (Gao et al., 2015; Liang et al., 2016) . Furthermore, a recent study suggests a direct interaction between the cpSRP54 M domain and the third transmembrane domain of LHCP ( Henderson et al., 2016) . Additionally, a direct role for cpSRP54 in transit complex formation is supported by the observation that the recruitment of cpSRP54 leads to the formation of a transit complex with a significantly lower molecular weight than the cpSRP43/LHCP complex, which is likely to improve LHCP targeting efficiency (Dünschede et al., 2015) .
To bypass the need for an SRP RNA component, spermatophytes have developed various adaptation strategies. The structural comparison between chloroplast and bacterial FtsY revealed a closed conformation of the cpFtsY NG domain which is comparable with the FtsY NG domain within the bacterial SRP/FtsY complex (Stengel et al., 2007; Chandrasekar et al., 2008) . The 'pre-organized' cpFtsY NG domain minimizes conformational rearrangements during complex formation and leads to 5-to 10-fold more efficient interaction with cpSRP54 compared with bacterial FtsY (Jaru-Ampornpan et al., 2007; Stengel et al., 2007; Chandrasekar et al., 2008) . Interestingly however, the central role in replacing the function of the SRP RNA is taken over by the cpSRP54 M domain as it accelerates cpSRP54/cpFtsY complex formation by 100-200 fold ( Jaru-Ampornpan et al., 2009; Chandrasekar et al., 2016) . Furthermore, the cpSRP54 M domain is also able to stabilize the cpSRP54/cpFtsY complex ( Chandrasekar et al., 2016) . The cpSRP54 M domain exerts its function by directly interacting with cpFtsY. A new binding interface between cpFtsY and cpSRP54 M was described, which is based on electrostatic interactions between basic residues within the cpFtsY G domain and a highly negatively charged region at the N-terminus of the cpSRP54 M domain. Interestingly, these binding regions are specifically present and highly conserved in plastids and the appearance of this new cpFtsY/cpSRP54 interaction site correlates with the evolutionary loss of tetraloop SRP-RNA components within the green lineage (see below) ( Chandrasekar et al., 2016) .
The phylogenetic distribution and structure of plastid SRP RNA within the green lineage
The absence of SRP RNA in the chloroplasts of A. thaliana is well supported by biochemical and bio informatics data, and an extended bioinformatics study to identify potential SRP RNA genes in chloroplast or nuclear genomes showed that the cpSRP RNA-free cpSRP system is conserved within spermatophytes (Rosenblad and Samuelsson, 2004; Richter et al., 2010; Träger et al., 2012) . Surprisingly, however, this study revealed the widespread distribution of plastid-encoded cpSRP RNA genes in all other branches of the green lineage, including streptophytes (with the exception of spermatophytes) and chlorophytes (Träger et al., 2012) . The streptophytes include the land plants and the closely-related green algae (charophytes), while all other green algae are assigned to the chlorophytes (e.g. C. reinhardtii). Only two phylogenetic branches (lycophytes and chlorophyceae; Figure 2 ) were identified that contained organisms without plastid SRP RNA genes, e.g. the unicellular green algae C. reinhardtii. Most of the predicted SRP RNA genes are located upstream of the highly conserved gene cluster trnC-rpoB-rpoC1-rpoC2 and are characterized by TATAbox promoters located upstream of this gene cluster. The expression of chloroplast SRP RNAs within streptophytes has been verified by RT-PCR for some example organisms (e.g. Physcomitrella patens). Notably, the cpSRP RNA of the chlorophyte Codium fragile was previously described in 1987 as a highly abundant RNA, but at that time, this molecule was mis-annotated as an rRNA (Francis et al., 1987) . The cpSRP RNA of basal organisms of the green lineage (prasinophyceae and trebouxiophyceae; Figure  2) show high similarities to the bacterial SRP RNA containing an asymmetric loop, a symmetric loop with some universally conserved nucleotides and a conserved tetraloop as typical structural elements (Figure 2 ). Subsequently evolved organisms contain cpSRP RNAs with a less conserved structure, displaying two internal loops and an apical loop that vary in size and can reach up to 11 nucleotides in length (Träger et al., 2012; Rosenblad et al., 2013) (Figure 2 ).
The phylogenetic distribution of the protein components cpSRP54, cpSRP43 and cpFtsY
In contrast to plastid SRP54 and FtsY, the presence of cpSRP43 is restricted to the green lineage. No related protein sequences have been identified in the red lineage and glaucophytes (Träger et al., 2012) . In addition, cpSRP43 homologs have not been identified in cyanobacteria, indicating that this molecule is of eukaryotic origin. As cpSRP43 is dedicated to the transport of LHC proteins, it is highly likely that cpSRP43 coevolved with the LHCPs within the green lineage. Protein sequences of cpSRP43, cpSRP54 and cpFtsY have been identified in all sequenced organisms of the green lineage. Furthermore, the cpSRP system of many of these organisms is characterized by an additional cpSRP RNA component as described above. Figure) . This SRP binds to translating ribosomes and is involved in cotranslational protein transport. The phylogenetic tree shows organisms of the green lineage, which were selected for cpSRP analyses. A new component, cpSRP43, evolved in the green lineage and is responsible for the posttranslational transport of LHC proteins to the thylakoid membrane. In chlorophytes (e.g. Chlamydomonas and Ostreococcus), cpSRP43 is not bound to cpSRP54. A complex formation between cpSRP43 and cpSRP54 initially occurred within streptophytes (e.g. Chaetosphaeridium and Physcomitrella) and developed into a high-affinity complex in higher plants (K d values are indicated in this Figure) . In Arabidopsis, the binding of a large fraction of cpSRP54 to ribosomes and the interaction between cpSRP54 and the nascent chain of the D1 protein suggest a role for cpSRP54 in cotranslational protein transport. With the exception of spermatophytes, most organisms of the green lineage contain a chloroplast-encoded SRP RNA. While the cpSRP RNA of e.g. the basal green algae Ostreococcus is similar to that of ancestral bacterial SRP RNA including the conserved apical tetraloop (T), the structure of e.g. the Physcomitrella cpSRP RNA differs by exhibiting an enlarged apical loop (E). The binding affinity between Physcomitrella cpSRP RNA and cpSRP54 is indicated. It remains unknown whether cpSRP RNA/ cpSRP54 complexes are active in cotranslational protein transport. A chloroplast homolog of the bacterial SRP receptor, cpFtsY, is conserved in the green lineage. However, the structure of this molecule was adjusted to the transport conditions in chloroplasts, changing from an open conformation in bacteria to a closed conformation in bryophytes and spermatophytes. The cpFtsY conformation from other organisms of the green lineage is unknown. Further details and references are provided in the main text. Indicated organisms: Escherichia coli, Arabidopsis thaliana, Physcomitrella patens, Chaetosphaeridium globosum, Ostreococcus tauri, and Chlamydomonas reinhardtii; (1) Buskiewicz et al., 2005 ; (2) Ziehe et al., 2016 (+, present; -, absent; ?, unknown; E, elongated apical loop; T, tetraloop) .
Interplay between cpSRP RNA and cpSRP54 and its phylogenetic diversity
The cpSRP54 of Arabidopsis shows high sequence similarity to bacterial Ffh but lacks the ability to bind SRP RNAs due to two amino acid substitutions within a region corresponding to the RNA binding domain of cytosolic SRP54; in cpSRP54, the otherwise conserved SM and GXG motifs are mutated to VM and DXG Richter et al., 2008 ). An analysis of the phylogenetic distribution of these mutations within cpSRP54 revealed that these mutations are conserved within higher plants and other streptophyte and chlorophyte organisms that do not encode plastid SRP RNA. Conversely, almost all organisms with a predicted cpSRP RNA contain a cpSRP54 with the typical RNA binding domain (Richter et al., 2008; Träger et al., 2012) . Therefore, these data indicate that the loss of the cpSRP RNA gene is phylogenetically correlated with mutations within the 'SRP RNA binding region' of cpSRP54.
The current knowledge of the physiological role of the cpSRP components in cpSRP systems containing a cpSRP RNA and protein subunits cpSRP54 and cpSRP43 is limited. Some in vitro binding studies were conducted with the cpSRP components of Physcomitrella patens. Physcomitrella patens cpSRP54 contains the conserved RNA binding region, and the results showed that the recombinant protein binds the in vitro transcribed (cp) SRP RNAs of P. patens and E. coli (Träger et al., 2012) . However, quantitative binding studies using microscale thermophoresis revealed that P. patens SRP RNA, which is characterized by a large elongated apical loop, was bound with approximately 60-fold lower affinity than bacterial SRP RNA (P. patens cpSRP54/cpSRP RNA, K d : 1.3 μm; Physcomitrella patens cpSRP54/E. coli SRP RNA, K d : 22 nm) (Ziehe et al., 2016; see Figure 2 ). These data suggest that P. patens chloroplasts harbor an SRP system that represents an evolutionary intermediate between the classical cytosolic system with a high-affinity SRP54/ SRP RNA interaction (K d : 52 pm; Buskiewicz et al., 2005 ; Figure 2 ) and the chloroplast SRP system of higher plants with no cpSRP RNA.
The cpSRP54/cpSRP43 heterodimer formation is absent in chlorophytes and evolved in charophytes
In contrast with higher plants, cpSRP54 and cpSRP43 do not interact in green algae belonging to chlorophytes. A recent study showed that the cpSRP43-binding motif A/R(K)/R is not conserved within the cpSRP54 tail of C. reinhardtii and other chlorophytes ( Dünschede et al., 2015) . Instead, these proteins contain an V/R(K)/R motif in its tail region, which does not promote interaction with cpSRP43. Structurally, this finding can be explained because in the A. thaliana cpSRP complex cpSRP43-CD2 forms a tight hydrophobic pocket that accommodates alanine but is not able to accommodate the bulkier valine residue. In addition to the alterations in the cpSRP54 tail region of chlorophytes, differences in the CD2 domain of cpSRP43 within chlorophytes inhibit interaction with cpSRP54. The most remarkable difference is a proline in the first β-strand of cpSRP43-CD2, which is sufficient to prevent the binding of cpSRP54 (Dünschede et al., 2015) . The fact that cpSRP54 is not complexed to cpSRP43 in chlorophytes raised the question of whether cpSRP54 plays a role in the formation of soluble LHCP complexes and/or in the membrane insertion of LHCP in chlorophytes. The reconstitution of soluble LHCP complexes using recombinant or in vitro translated LHCP, cpSRP54 and cpSRP43 in the presence and absence of stroma strongly indicated that cpSRP54 is not involved in transit complex formation. The question of whether cpSRP54 is required for the insertion of LHCP into the thylakoid membrane has not clearly been answered yet. Reconstitution experiments have demonstrated that the insertion process is GTP-dependent, suggesting a role for SRP GTPases in this process (Dünschede et al., 2015) . This is supported by the analysis of cpftsy and cpSRP54 C. reinhardtii mutant strains, which show a reduction of LHC antenna sizes of the photosystems by about 35 % (Kirst et al., 2012; Jeong et al., 2017) .
Phylogenetic analyses showed that the canonical cpSRP54-and cpSRP43-binding motifs in cpSRP43-CD2 and the tail region of cpSRP54, respectively, are highly conserved in streptophytes, including land plants and charophytes, the direct ancestors of land plants (Dün-schede et al., 2015; Ziehe et al., 2016) . The cpSRP43/ cpSRP54 complex formation was experimentally demonstrated for the charophyte Chaetosphaeridium globosum and the bryophyte P. patens (Träger et al., 2012; Ziehe et al., 2016) . However, in contrast to the high-affinity cpSRP54/cpSRP43 complex formation in Arabidopsis thaliana (K d : 55 nm), the C. globosum and P. patens complexes were characterized with approximately 200-and 160-fold lower affinity, respectively (C. globosum cpSRP54/ cpSRP43, K d : 11 μm; P. patens cpSRP54/cpSRP43, K d : 9 μm) (Ziehe et al., 2016;  Figure 2) . Therefore, the cpSRP systems of these organisms can be regarded as evolutionary intermediates between the system of chlorophytes containing non-complexed SRP proteins and the cpSRP system of higher plants with a high-affinity cpSRP43/ cpSRP54 complex.
Concluding remarks
Since the discovery of cpSRP43 and its role in LHCP transport about 20 years ago considerable progress has been made in understanding the posttranslational cpSRP/ Alb3-dependent transport system. However, several central questions are still unresolved. At present little information exists about the structure of the transit complex and how the hydrophobic domains of LHCP are accommodated by the cpSRP subunits. Furthermore, mechanistic details of the Alb3-mediated insertion of LHCP and the assembly of pigment-loaded LHCP trimers are unknown. Recent studies revealed interesting aspects regarding the evolution of the posttranslational cpSRP system. Current data indicate that cpSRP43 coevolved with the LHC proteins independent of complex formation with cpSRP54 and that cpSRP43/cpSRP54 heterodimer formation developed later in evolution during the transition from aquatic green algae to land plants. The evolutionary advantage of cpSRP complex formation is not fully clear yet, but it is likely that the recruitment of cpSRP54 enhanced the efficiency of LHCP transport. Another significant step in understanding the evolution of the cpSRP system was the discovery of the widespread occurrence of chloroplast cpSRP RNA genes within the green lineage. However, an important challenge for the future is to decipher the function of the cpSRP RNA and the other cpSRP pathway components in post-and/or cotranslational protein transport in these organisms.
